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Abstract
Coherent phonon-polaritons have generated wide interest due to their relevance to nonlinear optics and
terahertz (THz)-wave emissions. Therefore, it is important to analyze the THz electric fields of phonon-
polaritons. However, in the majority of previous measurements, only a single component of the THz electric
field was detected. In this study, we demonstrate that pump-probe electro-optical imaging measurements
using the Stokes parameters of probe polarization enable the phase-resolved selective detection of THz
electric field components that are associated with the phonon-polariton. We experimentally distinguished
the mode profiles of ordinary and extraordinary phonon-polaritons. These results have been explained
by numerical calculations of Maxwell equations for the THz electric field. The technique of selectively
observing the THz electric field components may be useful for designing efficient THz-wave emitters.
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I. INTRODUCTION
The phonon-polariton, which is a coupling mode of a terahertz (THz) electric field with a
phonon in a medium [1–4], has been studied extensively and observed in non-centrosymmetric ma-
terials owing to its relevance to nonlinear optics and THz-wave emissions. The coherent phonon-
polariton can be excited by an ultrashort optical pulse via impulsive stimulated Raman scattering
[5–8] or optical rectification [9–14], and the phase-matching condition results in Cherenkov radi-
ation. In particular, this Cherenkov-type phonon-polariton has been used for efficient THz-wave
emission and can be clearly observed in LiNbO3 [7, 8, 15–19], which is a typical ferroelectric
material.
LiNbO3 offers a wide range of optical applications, such as THz-wave emitters [20–22] and
quasi-phase matched devices [23–26] owing to its significant nonlinear optical effects and ferro-
electricity. LiNbO3 exhibits high optical-to-THz conversion efficiency, particularly when using
the tilted-pump-pulse-front scheme [13, 22, 27–31] or Si-prism coupling method [32–36]. Thus,
it is necessary to survey the response to the ultrashort pulse laser and to analyze the THz electric
field. In the majority of previous pump-probe experiments on LiNbO3, only one component of the
THz electric field associated with the phonon-polariton was detected because a linearly polarized
probe pulse was used.
A recent experiment demonstrated that several dynamic magnetization components are selec-
tively resolved with pump-probe measurements, by detecting the change in the Stokes parameters
of circularly polarized probe pulse [37]. The Stokes parameters (S0, S1, S2, S3) describe the com-
plete polarization states of lights, where S0 is the light intensity, S1 and S2 determine the light
polarization direction, and S3 expresses the helicity of the circular polarization. Therefore, in ad-
dition to the magnetization, the detection of the change in the Stokes parameters S1 and S2 of the
incident circularly polarized probe pulse can disclose the phase and amplitude of the THz electric
field components selectively.
In this study, we performed a detailed analysis of the THz electric field associated with the
phonon-polariton in LiNbO3 with the phase-resolved pump-probe imaging technique. The numer-
ical calculations of the THz electric field along the x and y axes showed good agreement with the
experimental detections of the Stokes parameters S1 and S2, respectively, indicating the capabil-
ity of the selective detection of the THz electric field components. Moreover, we analyzed the
dispersion relation and mode profiles of the excited phonon-polariton in terms of the Cherenkov
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radiation.
II. EXPERIMENTAL METHODS
Figure 1(a) presents the experimental setup of the pump-probe electro-optical (EO) imaging
measurement. The pump and probe pulses were generated by a Ti:sapphire regenerative amplifier
with a repetition rate of 1 kHz and a pulse duration of τ = 60 fs. The pump pulse was linearly
polarized with a central wavelength of 1300 nm, and focused in a circular shape on the sample
surface. The angle of incidence of the pump pulse was 6◦. The probe pulse was circularly polarized
with a central wavelength of 800 nm, incident perpendicularly on the sample surface without
focusing, and was detected by a complementary metal oxide semiconductor camera [38]. All the
measurements were performed at room temperature.
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FIG. 1. (a) Experimental configuration of pump-probe imaging. GTP: Glan–Taylor prism; λ/2: half-wave
plate; λ/4: quarter-wave plate; BPF: band-pass filter; CMOS: complementary metal oxide semiconductor
camera. (b) Crystal orientation of LiNbO3 (z-cut), pump polarization, and definition of cylindrical coordi-
nates.
The pump polarization was oriented along the y axis, as illustrated in Fig. 1(b), to minimize the
influence of oblique incidence [see Fig. 1(a)]. For the S1-probe configuration, we measured the
difference between the transmitted intensities along 90◦ and 0◦ from the x axis. Similarly, for the
S2-probe configuration, we measured the difference between the transmitted intensities along 45◦
and 135◦.
Our sample was a uniaxial LiNbO3 (z-cut) single crystal with a point group of 3m, grown by the
Czochralski method and with a thickness of 500 µm. The permittivity for the extraordinary wave
propagating along the optic (z) axis was εe = 26, whereas the permittivity for the ordinary wave
propagating along the x and y axes was εo = 41.5 in the sub-THz regime [17]. Thus, without pump
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excitation, no birefringence occurred in the x–y plane, enabling the transmission of a circularly
polarized probe pulse.
III. NUMERICAL CALCULATIONS
A pump pulse traveling in the z direction with a speed of c/ng generates THz electric po-
larization PTHz via optical rectification, where c is the speed of light in vacuum and ng = 2.27
is the group refractive index at 1300 nm [39]. By using the optical rectification tensor [dyyy =
−8.8× 10−8, dzxx = −12.4× 10−8 cm/statV (dyyy = −37 and dzxx = −52 pm/V in SI units)] for
LiNbO3 [36], the THz electric polarization in a cylindrical coordinate (r,φ ,z), as indicated in Fig.
1(b) is expressed as the following:
PTHz = (PTHzr ,P
THz
φ ,P
THz
z ) ·G(r)F(t)
= (dyyy sinφ ,dyyy cosφ ,dzxx)I ·G(r)F(t), (1)
where I is the pump pulse intensity, G(r) = exp[−r2/(2l2⊥)], l⊥ = 25.5 µm was set for our cal-
culation, and F(t) = exp[−(t− zng/c)2/τ2]. We note that excitation of the phonon-polariton via
impulsive stimulated Raman scattering was not likely to occur because the pump polarization con-
tained only the ordinary wave [7, 8, 40].
We numerically calculated the THz electric field ETHz of the phonon-polariton to explain the
experimental results. In the calculation, we referred to a theoretical framework [33, 35, 36, 41] that
describes one-dimensional propagation of the THz electric field in LiNbO3 (x-cut) by using the
Maxwell equations. We extended this theory to two-dimensional propagation in LiNbO3 (z-cut)
with the cylindrical coordinate system:
∇×∇× E˜THz = ω
2
c2

εo 0 0
0 εo 0
0 0 εe
 E˜THz+ 4piω2c2 P˜THz, (2)
where ∇= (∂/∂ r,0,−iωng/c) and ˜ represents quantities in the Fourier space (ω). The influence
of the phonon is incorporated into εo and εe, which we assumed to be non-dispersive, and the
validity thereof is discussed in the following section.
In this calculation, we neglected the propagation along the angular direction φ because the
pump spot was focused circularly. Thus, according to Eq. (2), the governing wave equations can
be expressed as follows:
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
∂ 2E˜THzr
∂ r2
+
ω2
c2
εeffE˜THzr =
4pi
εo
[
−
(
∂ 2G(r)
∂ r2
+ εe
ω2
c2
G(r)
)
Pr+ i
ω
c
ng
∂G(r)
∂ r
Pz
]
F˜(ω)
∂ 2E˜THzφ
∂ r2
+
ω2
c2
εo
εe
εeffE˜THzφ =−
4piω2
c2
PφG(r)F˜(ω)
∂ 2E˜THzz
∂ r2
+
ω2
c2
εeffE˜THzz =
4piiωng
εoc
[
∂G(r)
∂ r
Pr+ i
ωεo
cngεe
εeffG(r)Pz
]
F˜(ω)
, (3)
where εeff = εe(1−n2g/εo) is the effective permittivity. Finally, we used the inverse Fourier trans-
form of Eq. (3) and applied a coordinate transformation from the cylindrical to Cartesian coordi-
nates, so as to obtain the spatial dynamics of ETHz = (ETHzx ,ETHzy ,ETHzz ).
IV. RESULTS AND DISCUSSION
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FIG. 2. (a) Experimental result of S1-probe configuration and (b) corresponding numerical calculation of
ETHzx ; (c) experimental result of S2-probe configuration and (d) corresponding calculation of E
THz
y at 10 ps
after pump excitation. The black arrows in (b) and (d) indicate the directions of the THz electric field. (e)
Calculated waveform of ETHzz .
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Once the THz electric field ETHz is generated by the pump pulse, birefringence is induced in
the x–y plane, which modulates the polarization of the circularly polarized probe pulse via the EO
effect [34]. As the EO effect yields the permittivity change, the inverse matrix of the in-plane
permittivity (ε−1)i j is expressed as the following:
(ε−1)i j = δi j/εo+∑
k
ri jkETHzk
=
1/εo+ rxzxETHzz − ryyyETHzy −ryyyETHzx
−ryyyETHzx 1/εo+ rxzxETHzz + ryyyETHzy
 , (4)
where δi j is the Kronecker delta, ri jk is the EO tensor [17, 42] for a 3m crystal, {i, j}= {x,y}, and
k = {x,y,z}. Because the EO modulation is sufficiently small, we can approximately obtain the
permittivity change δεi j from the permittivity εi j = εoδi j+δεi j, as follows:
δεi j ≈ ε2o
−rxzxETHzz + ryyyETHzy ryyyETHzx
ryyyETHzx −rxzxETHzz − ryyyETHzy
 . (5)
Previous research [37, 43] demonstrated the relation between the permittivity change and
Stokes parameters: S1 ∝ δεxy+δεyx and S2 ∝ δεxx−δεyy. Therefore, in our setup, S1 ∝ ETHzx and
S2 ∝ ETHzy , which implied selective detection of the THz electric field components by using the
Stokes parameters.
Figures 2(a) and 2(b) present the comparison of the experimental results by the S1-probe con-
figuration with the calculated waveform of ETHzx at 10 ps following pump excitation, and the
similarity of these results confirmed that S1 ∝ ETHzx . At x = y = 0, the pump pulse was shone on
the sample at t = 0 ps with a half width at half maximum of ≈ 35 µm. Thereafter, the THz elec-
tric polarization and electric field were generated via optical rectification, so that the THz electric
field of the phonon-polariton was propagated in the r direction with two distinct speeds of ≈ 50
and 60 µm/ps. Similarly, Figs. 2(c) and 2(d) present the comparison results of the experiment by
S2-probe configuration and the numerical calculation of ETHzy at 10 ps following pump excitation.
The propagating speeds of both waveforms were identical to those in Fig.2(a), and the relation of
S2 ∝ ETHzy was confirmed. The agreements between the experiments and numerical calculations
prove the selective detection of the THz electric field components. Furthermore, the calculated
waveform of ETHzz is illustrated in Fig. 2(e) (see also the movie in the Supplemental Material
[44]). The waveform of ETHzz was non-zero only for the outer waveform, which implied that the
THz electric field of the inner waveform did not contain an extraordinary wave.
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The black arrows mapped onto Figs. 2(b) and 2(d) indicate the direction of the THz electric
field. The THz electric field of the inner waveform was polarized along φ and perpendicular to
the propagation direction, whereas the outer waveform polarization was along r and z. Therefore,
these propagating modes could be attributed to the ordinary and extraordinary phonon-polaritons
[40, 45, 46] for the inner and outer waveforms, respectively.
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FIG. 3. Experimentally observed spatiotemporal map along the x axis for (a) S1- and (b) S2-probe configu-
rations. The dashed lines on each panel express the propagation speed.
Figures 3(a) and (b) present the spatiotemporal maps of the waveform propagating along the
x axis, which were obtained experimentally in the S1- and S2-probe configurations, respectively.
The spatial profiles along the y axis were averaged; thus, Fig. 3(a) reflects the extraordinary
phonon-polariton propagating at a speed of ≈ 60 µm/ps, whereas Fig. 3(b) indicates the ordi-
nary phonon-polariton propagating at a speed of ≈ 50 µm/ps. These speeds were determined
by Eq. (3): ETHzr and E
THz
z had a wavenumber of ω
√
εeff/c, with a corresponding speed of
c/
√
εeff ≈ 60 µm/ps; ETHzφ had a wavenumber of ω
√
εoεeff/εe/c, with a corresponding speed
of c/
√
εeffεe/εo ≈ 50 µm/ps.
The theoretical dispersion curves of these phonon-polariton modes are presented in Fig. 4(a).
The blue curve is the ordinary one expressed by
k2c2
ω2
=
ω2oεo−ω2ε∞o
ω2o −ω2
, (6)
where k is a wavenumber perpendicular to the wavefront of the phonon-polariton, ωo/(2pi) = 4.6
THz is the frequency of the E phonon at 152 cm−1, polarized perpendicular to the optic axis [47],
and ε∞o = 19.5 is the permittivity of the ordinary wave at the limit of ω → ∞ [17].
The red curve indicates the extraordinary phonon-polariton, represented by
k2c2
ω2
=
[
ω2e εe−ω2ε∞e
ω2e−ω2
][
ω2o εo−ω2ε∞o
ω2o−ω2
]
[
ω2e εe−ω2ε∞e
ω2e−ω2
]
cos2θe+
[
ω2o εo−ω2ε∞o
ω2o−ω2
]
sin2θe
, (7)
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FIG. 4. (a) Dispersion relation of phonon-polariton. The inset presents a magnification of the shaded
region, indicating the different propagation speeds of the ordinary and extraordinary phonon-polaritons.
The horizontal axis is a wavenumber perpendicular to the wavefront of the phonon-polariton. (b) Schematic
of ordinary and extraordinary phonon-polariton modes propagating at Cherenkov angles of θo and θe. The
propagation directions of the wavefronts are illustrated in the right panels.
where θe is the propagation angle from the z axis, ωe/(2pi) = 7.4 THz is the frequency of the E
phonon at 248 cm−1, polarized parallel to the optic axis [47], and ε∞e = 10 is the permittivity of
the extraordinary wave at the limit of ω → ∞ [17].
As the spatial distribution of the pump pulse is exp[−r2/(2l2⊥)] according to Eq. (3), the
wavenumber of the excited phonon-polariton follows ∝ exp(−k2l2⊥/2) [48–51]. Thus, the up-
per limit of the excited wavenumber is 2pi/l⊥ ≈ 0.25 rad/µm. At such a small wavenumber,
the dispersions are non-dispersive with slopes of vo = ω/k = c/
√
εo = ccosθo/ng and ve =
8
ω/k = c/
√
n2g+ εeff = ccosθe/ng for the ordinary and extraordinary photon-polaritons, respec-
tively, where θo and θe are the Cherenkov angles, as schematically depicted in Fig. 4(b).
The group velocity of the pump pulse c/ng is faster than the phase velocity of the generated
THz electric field, leading to Cherenkov radiation with angles of θo and θe for the ordinary and
extraordinary phonon-polaritons, respectively. These angles can be obtained from equations using
the variables in the panels on the right side of Fig. 4(b), as follows:
θo = tan−1
(√
εo
εe
√
εeff
ng
)
= tan−1
(√
εo−n2g
n2g
)
= 64.5◦ (8)
θe = tan−1
(√
εeff
ng
)
= tan−1

√√√√ εe
n2g
(
1− n
2
g
εo
)= 69.3◦. (9)
V. CONCLUSIONS
We have demonstrated a selective detection technique of the electric field components of THz
wave propagating as a phonon-polariton in LiNbO3 (z-cut) by observing the Stokes parameters
S1 and S2, which can provide more information about the phonon-polariton than previous studies.
The experimental results were confirmed by the numerical calculations of ETHzx and E
THz
y using the
Maxwell equations. This technique enables phonon-polaritons with two different mode profiles of
the THz electric field to be distinguished: the ordinary phonon-polariton that is polarized perpen-
dicular to both the propagation direction and optic axis, and the extraordinary phonon-polariton.
The detection technique may provide a tool for understanding the fundamental nature of the prop-
agation of THz waves in anisotropic materials.
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